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ABSTRACT

The use of a small ferrite antenna ariay is shown thecretically to be
superior in performance te the whip antenna supplied with a PSN-lL Loran-C
receiver manpack set. While the paper is basically theoretical in nature,
the theoretical results and conclusions have been verified in subsequent
limited experimentation.

Initiasl test with a compact ferrite rod antenna array in place of a
whip showed that the time for acquisition of loran-C time coordinates with
the PSN-lL set is reduced to about one third the time it takes with a 15 foot
long whip.
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Introduction

Loran-C long Range Navigation Systems employ a 100 kHz radio carrier
frequency; by comparison with standard Loran which operates on a carrier
frequency of 1850 kHz, 1900 kHz,or 1950 kHz, Loran-C provides a longer
ground wave range. All ground wave radio navigation systems are sensitive
to ground and terrain induced propagation effects, including seascnal varia- i
tions of ground conductivities due to vegetation, rain, snow and frost; !
propagation - ground effects cause inaccuracies in the determination of a ;
receiver's actual geographic position from the time difference of pulse
signals which he receives from distant Loran master and slave transmitters.

Locally, ground effects manifest themselves in the electrical fields’

polarization which ranges from almost vertical over seawater to forward

in the direction ¢f propagation tilted, linear and elliptical polarization

over land; in the latter case, the electrical field strength becomes also a !
minimum at fractions of a wavelength high above ground. In particular, !
mountains and boundaries between different earth and water media and
corresponding discontinuities of electrical surface impedances affect

directly the polarization and phase of the electrical field relative to the
horizontally polarized magnetic field. The lower sensitivity to ground effects
of the long wave Loran-C System relative to the medium wave standard Loran
System is offset to some axtent by the need of physically larger antennas

and by the higher noise levels in the lower part of the radio spectrum; in
particular, by quasi-static type tribo electric and atmospheric noise and

by man-made radio frequency interference (RFI).

el Bl s

One may call this local noise time-like in contrast to the parametric
type perturbation of the signal amplitude and phase by ground effects which
constitutes space-~like noise. Since short whip antennas, i.e., quasi-static
electrical antennas, as they are used with loran-C receiver manpack sets
(PSN-L4) are highly susceptible to both space-like ncise (ground effects)
and time-like noise (spherics and RFI), whip antermmas are a severe handicap
for the operation of Loran-C manpack receivers under field conditicns. Onder
these conditions,it becomes more advantageous to use magnetic antennas in

the form of ferrite rod arrays which are described in the subsequent
discussion.
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Discussion
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1. Effective Height, Magnetization,and Relative Effective Magnetic
Permeability of Ferrite Rod Antemmas

P

The effective height h, of a short whip antenna with a height
H of 2 to 6 meters at long and medium wave radio frequencies is given
approximately by

%w_-'_-.__ﬁ-_.H (1)
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In practice,this effective height is numerically about 100 t5 1000 timer
larger than the effective height of a typical 10 to 20 cm long ferri‘e
antenna rod; the effective height hy of a ferrite antenna is given by

2rw.
b, = T gt et

(2)

where w is the number of turns of the wire windings, q the crossection area
of the rod its effective relative permeability and the wave-
length. A effou. © ’ A

However, aperiodic whip antennas lack the high Q and the directivity
which enable small compact ferrite rod antennas to compete successfully
with the larger whips in the medium and the long wave frequuncy range. 1
The Q corrected effective height hf of a ferrite rod anteana which forms
the inductance part of a parallel tuned resonant circuit is given by

’%F):Q'%F

(3)

The effective permeability is defined theoretically b

[c)
B
et = ip)

H(p) is her° the ?r*mary homogeneous magnetic excitation flelg

Amp—meter and B the flux density in Volts-seconds-meter~¢ (i.e. ,teSLas)
inside an ellipsoid shaped body of magnetic material, such that the mai S
axis of the ellipsoid is aligned with the direction of primar- field H\P

This =iliptic geometry produces also a homogenecus type magnetic polariza-
tion Pp 3 .e.y,a magnetization which is a function of the internal magnetic
field H(l The magnetization is given numerically as the flux density
which is contributed by the magnetic properties of the material and expressed
by Pq in the following equation:

5/‘)=/{0 /7//‘)‘;‘_ /”Df

(L)
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where //{o:-‘ 0.9’»( /0 ¢ in Volt seconds over ampere x meter is the
permeability of free space in the rationalized MKS system. The magnetic
susceptibility X of the material relates the magnetization P and.the
internal field in the form of a linear relation.

5 = /(/f o M 4 (6)

The intrinsic magnetic permeability of the material can then be expressed
as

/ﬂ,’ = —:7 “/”o //""Zj (7)

This is the permeabilit.y one Tg?sures with toroidal core-shaped,
magnetic solenoids where ? and H are identical. In the ellipsoid
case, the internal field H 1) is derived as function of the primary excita-
tion field H\P} from the dimensions and the magnetic susceptibility X

‘of the material with

pr

I+ X[// %:’;-/-Jﬂ

Here are 2a and 2b,the major and minor axes of an ellipsoid,and
2¢c = ZZ/Q - 42 ‘,the distance between the focal points. The formula in

Equation 8)is given in the literature; ,2 »3 howevar, for completeness of the
subsequently discussed interaction between ferrite rods in array configura-
tions, this formula is derived in Appendix A.

%)
/'//

Using Equations(L)to (6)in conjunction with Equation XB),~onw:abhsitiethe
#affective relative permeability in the familiar form

A rot -
off rel = (9)
/“// / - /,aa,,z-/}-// 9



The factor / in the denominator is given by

M///Q%‘V*/ _/7/ o

and is called the form factor or demagnetizatioa factor.

In practice where cylindrical rods of length 1 and diameter d are
used, the magnetization is not homogeneous and the corresponding effective
relative permeability cannot be derived theoretically. In this case, the
following empirically determined form factor is used.lt

W=ters) ()7 o

graph in Fig. 1 shows that the theoretical and the empirical values
/2 for the ellipscid and the cylinder tend to conform for length

| to dlameter ratios which exceed five to one.

For the design of ferrite rod antenna arrays,one needs the magnetiza-
tion and the associated secondary type external field rather than the
effective permeabilities; considering two types of array configurations,
longitudinal and transverse arrays, one must know the external secondary
field at the locations which are denoted in Figure 2 by Roman one and
two; the values of the secondary fields, Hy and Hry at these locations, at
distances z and S’,.,respectively, from the center of the magnetic ellipsoid,

are derived in Appendix A.
These fields may be expressed as secondary dipole fields:

() V/A
fl - 2 u, [2/°

(12)

7 /s)= m
z 2 o /el 03)




yhere M., the secondary magnetic dipole-moment, is given by the volume
integral over the magnetization. In our case, the integral reduces to the
product of volume and magnetization by the primary field:

~2 x Y

= /’ _//Z;f// - .éﬂz . /X
/Z/z//lo/ L= Fba /+x.4//%ﬂ o
Magnetization, corresponding dipole moments and associated secondary

type exlernal fields are explored further in the following section which
is entitled, Longitudinal"lype Ferrite Rod Antenna Arrays."

2. Longitudinal Type Ferrite Rod Antenna Arrays

The principles that gcver: the mutual magnetic coupling and the relevant
mathematics are introduced, by considering the insertion of a second
identical magnetic ellipsoid into the field that results from the super-
position of the original primary field and of the secondary field of the
first ellipsoid.

Referring to the sketch in Figure 3, one recognizes that first, the
second ellipsoid will be magneiized by this field, which we denote as the
first resultant field. The magnetization of the second ellipsoid by the
first resultant field produces again a secondary field that creates an
additional magnetization in the first ellipsoid; this additional magnetiza-
tion of the first ellipsoid, produces an additional secondary field,which when
superimposed over the first resuitant field forms the second resultant field.
This field procduces an additional magnetization in the second ellipsoid and
a corresponding additional secondary field which whperimpesddpowenrt tber the
second resultant field forms the third resultant field. The,third resultant
field produces an additional magnetization in the first ellipsoid and so on.
Evidently, the mutual coupling leads to the generation of a convergent series
of magnetization terms, the sum of which ylelds the final actual magnetization
of each ellipsoid.

It is evident, from the dipole character of the secondary fields,
that the magnetization associated with the mutual ‘ccnpling between the
ellipsoids will be inhomogeneous. However, when the distance h between
the center of the first and of the second ellipsoid satisfies the inequality

3/2ba X
%» 3 /+Z»4/ (15)

the homogeneous magnetization approach is valid. This approach which is
described in detail in Appendix B, ylelds a geometric progression for the
. final magnetization of each ellipsoid and a resultant effective relaitive

permeability:



o X+ / /
eff-rel. ~ ) _ZéZQ’ X
[ + XA/ /./ ‘}/4/3- /-/-)C./V/ (16)

Here X=/(‘.~(-/the intrinsic magnetic susceptibility of the
material and Vﬁf the form factor of the identical ellipsoids.

In accordance with the previously discussed approximatiun of cylindrical
rods by long ellipsoids, the result is also applicable to cylindrical rods.

Using the same mathematical procedure, the magnetization of each

ellipsoid, or similar rod element in a three element longitudinal array, is
derived in Appendix C. The resultant effective relative permeabilities are

given as follows:
252)/ K )
[+K 1 Siap/ X A,

end J+X N /_’2}52/%)//:;#)/2 (17)

For the end elements:

For the center element:

5 )
//{ﬁ A ARV eV,
enrel/) ~ 7 2
a'm‘el'/-fo/ /" (/55273)//:554/}]2 (18)

The higher degree of magnetization of the center element due to the
secondary fields from both the left hand and the right hard end element
(Fig. L) is reflected by the factor 2 in the numerator term in EBjuation (18).
In gereral, mutual coupling between longitudinal aligned elements in a
ferrite rod antenna array increases the relative effective permeability
relative to that of a single rod; the subsequent numsrical examples provide
a quantitative insight into mutual coupling effeats.

3. Numerical Examples

The orders of magnitude of the increases in the effectlive relative
permeability,due tc mutual coupling between ferrite rod antenna elements
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in longitudinal arrays, are given in detail in Appendix D. For the purpose
of the following discussion, assume an intrinsic permeability value

ot = X4/ = 200

(19)

and apply the theoretical ellipsoid approach to a_cylindrical rod with a
length 2a = 16 cm and a diameter 2b = 2 cm, i.e.,% =8

The form factor is in this case /V = 0,0275.

Equation (9) for the single rod (ellipsoid) becomes then

200 .
e = 30
effret /4 (79%)fo.0275] (20)

Using this value in Equations (6), (L7), and (18) for the two and three element
array, it becomes convenient for the further numerical calculations to

introduce the separation h between elements normalized with respect to rod
length in the following form:

%'—' ,é 2a (21)

where k will be referred to as separation parameter. As a consequence of

the introduction of the separation parameter k into the equations for the
effective relalive permeabilities of array elements, one needs the expression:

26%x _ 1 [E)F L
143 = )E?'/<£%://.44!3 (22)

Introducing the chosen numerical values (a/b = 8, /m el 30)

and the corresponding values of Equation(22), (0.0013/k3) into Equation (6),

one gets the effective relative permeability of each element in the two
element array:

| 20
/"/ﬁtel = [~ 2000 30 (23)
Y




Values for different k and corresponding separation

4= Za/é—/) (24)

between the adjacent ends of the elements in the two element array are
tabulated below:

k A/cm /weff rel.
1.13 2.08 30 (1 + 0.03)
1.48 7.8 30 (1 + 0.015)
1.93 1.9 30 (1 + 0.006)

Similarly, for the three element array, follow from Equations (17) and (18),
the effective relative permeabilities for the end elements with

/+ 0.0043 //?a)
/- //‘a.oa/.a //8 02/ (25)

e »e/,/” ‘=

and for the center element with

0.00/3
//’e/f,ez/ = 30. /2 / /”j (26)
e -—2/%’?’—7/30)] :

Typical numerical values of these effective relative permeabilities are
tabulated below.

k 4 Jem (# off rel) end (Aats rel.) center
1.13 2.08 30 (1 + 0.03180) 30 (1 + 0.0618)
1.48 7.8 30 (1 + 0.015L5) 30 (1 + 0.0345)
1.93 1.9 30 (1 + 0.006) 30 (1 + 0.012
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These numerical results indicate that in practice the mutual magnetic
coupling between ferrite rod antenna elements in a longitudinal array
increases the effective permeabilities of each element by a few percent.
Consequently, when one extends the calculations to longitudinal arrays with
more then three ferrite rod elements, a sufficient degree of accuracy is
obtained from the initial terms in the series expansions for the magnetiza-
tions. For example, the effective relative permeabilities of the end 1 ,in-
termediate 2 ,and center 3 elements in a 6 element longitudinal ferrite
rod antenna array, are approximated in this case bys

Vst o 7 Ao 5e )

; . [?*v(' X /@Zi : 2 7/ /
%’f/ﬂ[&:ﬁ' /+W'ZZ{/;—3+21+33+"/ (28)

/s X /%)2 .
'//Me/’ﬁ"zz/_:—b)//"b X W '/2ﬁ5/%+ﬁ 57 ] @)

Similarly, as in longitudinal arrays, mutual coupling between ferrite rod
antenna elements in transverse arrays contributes to the effective permeability
of each element. However, as 3een in the following section, mutual coupling
between elements in transverse arrays is in effect a rutual shielding that
lowers the effective permeability of each element.

L. Transverse Type Ferrite Rod Antenna Arrays

In the transverse array case,the secondary fields involve instead of Hy
of Equation (12) the opposite Hyy of Equation (13). As a consequence of the
iterative superposition of primary and secondary fields, the resultant
magnetizations are,in this case,decreased. The corresponding lowered
effective relative permeabilities for each ferrite rod antenna element in
two and three element transverse arrays are derived in Appendices E to G.

9
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For a two element array, such as sketched in Fi o
different approximations for the effective relative geri;abziizigzv::p:zdent
on the range of separation h' between the array elements. Introducing for
this purpose the separation parameter k' defined in terms of the diameter
2b of the equivalent ellipsoid, one obtains the following approximations:

(7))
/* z'ué” TN

[+X , )

/s [bfa)* K /
(XN 3/14%) V2PV
For <R

‘zé,

Similarly, for three element transverse arrays, the effective relative
permeabilities for the center element are given by

. X
/"'2 24 /'f'/t(/v /&'/3

/= “/2‘* /+)ch/4/_/ for #'>E5

Yk /
-2 fo " TR BRI

T ——
d ﬁv‘Nf [ (2] [2#) ] lor 1<K°S

10
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and for the end elements by

A 4 /
/’%'/W'/Z?-’
~2/% X
/21/29‘ /-f,t,V/é’/] for 4

f74
£ 37

e /
/'/7;% [l 24T
/- 4//fl//l/z_ /
LW ST T gy sl

\zé

Introducing into these formulas the previously used numerical wvalues

X =/9? y f =F and%’ﬂ.oz 75 , one obtains the subsequently tabulated

numerical values for the effective relative permeablilities as functions of
separations in two and three element transverse arrays.

For the Two Element Transverse Array

1 1
k=h rel, eff
. /bb

1 30 (1 - 0.142)
1.5 30 (1 - 0.13)
2.0 30 (1 - 0.112)
3.0 30 (1-0.080)

4.0 30 (1 - o.ose;

6.0 30 (1 - 0.026

8.0 30 (1 - 0.014)

10.0 30 (1 - 0.008)

20.0 30 (1 - 0.00125)
30

11



For the Three Element Transverse Array

K = h_ End Rod Tenter Rod
— 2b AL rel eff ff? rel eff
1 30 (1 - 0.14) 30 (1 - 5.28)
1.5 30 (1 - 0.12) 30 (1 - 90.26)
.0 30 (1 - 0.11) 20 (1 - 0.22)
2.5 30 (1 - 0.096) 30 (1 - 0.152)
3.0 30 (1 - 0.08) 30 (1 - 0.16)
L.0 30 (1 - 0.056) 30 (1 - 9.11)
6.0 30 (1 - 0.0265) 30 (1 - 0.252)
8.0 30 (1 - 0.01h) 30 (1 - 0.028)
10.0 30 (1 - 0.008) 30 (1 - 0.016)
20.0 30 (1 - 0.00125) 30 (1 - 0.0025)

S. Experimental Implementations

Commercially available rods of type H Ferramic material* were used
for the construction of various ferrite rod antenna arrays. A tyvical
ferrite rod antenna element from which these arravs were constructed is
shown in Fig. 6. The electrical winding on this poq has 380 turns which
are divided equally into left and right handed wound sections to reduce the
caracitive effects. The windings are insulated from the ferrite rod surface
by a thin layer of mylar insulation. Six of these rod elements are used
in the transverse ferrite rod antenna array shown in Fig. 7 connected to
the PSN-lL Loran-C receiver set at a location near a building in the Evans,
N.J. area. Figure 8 shows a close-up view of the PSN-L digital output device
which displays the Loran~C time coordinates of this receiver location.

Loran-C signal receptions are improved further with the twin array
seen in Figure 9 mounted on a weapons carrier.

This twin array consists of a pair of 7 element trinsverse array
packages which can be rotated relative to each other for optimum simultaneous
reception of loran-C msster and slave station signals which arrive from
different directions at the receiver locations.

*Trade Name for ferrite material manufactured by Indiana General Co.

12




Conclusions

Initial Loran-C signal reception tests,using the compact ferrite rod
antenna arrays instead of the standard whip antenna, showed that the time
for acquisition of Loran-C time coordinates with the PSN-L set is reduced
to about one third the time it takes with the 15 foot long whip mounted on
the roof of Building T-113 in the Evans area. The reductions of the
coordinate acquisition times were measured early in the morning when atmos-
rheric and man-made noise interference levels are relatively low. During
the day and towards evenings,the noise levels increase and propagation
conditions change; therefore, the whip antenna was then unable to deliver
the pulse signals from the most distant Slave B station located at Dana,
Indiana® to the PSN-L set, whereas, using the ferrite arrays the PSN-L set
locked to the B slave and the corresponding coordinates were displayed within
two to three minutes after turning the set on.
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Fig. 7 Six Element Ferrite Rod
" Antenna Array with PSN=h
Loran-C Navigation Set at
Bldg. T113, Evans Area

18






T R v ey

|

Fig. ¢ Twin Transverse Ferrite Rod
Antenna aArray Mounted c¢n
Weapons Carrier

20




e s AP S,

- AT

A-1
APPENDIX A - MAGNETIZATION OF A FERRITE ELLIPSOID BY A HOMOGENEOUS
PRIMARY MAGNETIC FIELD H p) ALONG THE Z-DIRECTION
The following relations are applicable:
- . - . .
H = grad ‘¥ whers Y the maguetic potential must satisfy the (.1)

Laplace Differential equation

d/uy’wc/ A= A= O (A:2)
ite gl P ()

outside ?0 /2 } /7"///) /)0 (a.3)

such that on the boundary surface

/) /‘/ and

and (A.3)

/ﬁ%/ - /3#/ (A.L)
/ (A.Lv)
Jof ) /c/
/D_____?&. P ¢ /71/ (i.e., surface divergence B=0)
@M / rel /D//]

(n nornal to boundary surface)

The boundary surface between air and ferrite is derined by Fig. A.l
and the corresponding analytical expressions:

Lo ———

-— 2 |

[V

Fooo —t 2
D < S ¥
3 .

Fig. A.1 - Boundary Surface Retween Air and Ferrite

r

2 r 1 7 1 2
z + __g_‘x = 1 )(+2,7_§ (r.5)
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In terms of elliptical coordinates u, v,

Z= c-lh
W= €-Shu sint cosp “’

f §=,c.55,a.5/nv- (4.6)
Y= /C~§ﬂu-m'nv-/u'n~p

the boundary surface is determined by .¢¢,

o =',c~¢,¢(, b= 0. f%%

- a
o = '/4/‘ < = V47’t f%f (A.7)

(u const. represent confocal ellipsoids, v const. represent confocal
hyperboloidsg

The Laplace operator in generalized coordinates is:

55 j /]/-ﬁcy?/4 7)/‘)/‘;}/, (.8)

where the ;m contained 1n the square of a path element in ?

- [d3)- Zg A9 g Valy, gy s

corresponding to the dyad:lc relationship

6‘"='a"g"'o/@/§',) "- —7-&,/
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Introduction of Equation (A.9) into (A.6) ylelds: A=3

A7 = St corvr dec- ol gt Ay (4.10)

(f X = ,c:(/ ;(.4/;,,;. o) )ﬂ/é{-l'c%ﬂ”-m v cory: gV —,cf//(..r/hwmif -

da. 7= ol e st 00 ﬂggaﬁi« o9 taripp @V + Hu senrconp. £y
5
2,5 42 2
/o/g)i/c/x)i/./é, Vi fit2)o [da,)* [d3s) 4 (03] =
=/;%%f+ {szb/daz-f'/C%jf*ﬂbzﬂ//qu/cz/f/a WSth .’,Qj]a’)ﬁ”
e~ —— )~ C——y~~—
é‘?ﬂ 322 ;33
727 Jes = 10 =0

(¢
hence: q? = — = . .
09‘4 j 0?”07“;3;

j //:0?22: / )
(Wt ) '

33 - /
y .(2/‘//’“'4”.’”)2 (A.01')

Zf: /C-’//fjw A/Zzzu//gja.wa'/u/}%ﬁf— (anr)
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A-L
Sop / o o
/ 94(/}0/; ¥ /
Oy//fz 73;
/97/‘ /;_’/90 /){//7(_ (A.12)
4
i’b/ 7[//
where %: ) 7@, oxsal sjwwe@, (A.121)

from .Bquaton-(A.11)to (A.12')

2 /7” D [ )
M/Z/ﬁ f/h[/‘ "z}"/f}é{'.f//}y—d-zf/: 2 (4.13)

E A particular solution of (ABiaticnrrfAcdl) is -the patential of a Ratygenoony
{ f1sl d wbong “hm z-dxre\ctimpo*b@w-womrwnal to z:

‘ $ad =/4M Ma Centr (A.14)

which is proven by substitution of Himlatitdm (UBJ1L) into (A.13)

/«‘f’ffu Z/a - Aﬁ[{,q %A//f//l’/'&"w =0

Another particular solution is obtained by variation of the constant A in

! form of a function of f (u) which for u, (i.e.,on the surface of the
ellipsoid) is a constant.
! //7
fre) v ws
| of |
2_ X 7 / -
g 9 MZ J:/A(, APt T [450; /,{(.(//y //a} P 9,
. 2h

.




/J/ﬂy{ca?//&é/:a f/"’_—/ & S 0{/ 2

je/: f/ﬂ) = Z//“)%’“’

from EquationsifA.16) and (A.16')

%Z'%—‘ e St U +
2 :
+ M. %%*Z%//ﬂv‘ ////ﬂ_/v“

- Zf/,af//u /4 “’20

LAY Y A —‘—f,—f—-"//w L= O
W %//la _/
2;?7 " _j;fZg' 45212 .jZZZAZ v /éy‘isgféz

%//’ Zz_hyzﬂ
A

| /%nZ/-’:/é’zZ’,«.a@qc,é? 71@/-4’& =

:‘//ﬁf/a 240 e =

%/ /ﬂ) / v//f“j

A-S

(A.16)

(1.26')

(1.17) '

(A.18)




A-b

/A) 7y
M ) /4 where: /4 £ = integration constant

Mo/ Jﬂ)
/4/’3) /ZZ/“//,« it %__
“s /ﬂ ///a/ S KM“) "

/) //3
_Z/;__/i_ .,_/7! f?‘_‘__-;; */4,0 /7/—~/+6’~

- P *4/1}%4/ K/a—/ + (8.29)

b
//3}
y 5/4{— / //U
from -Equations (A.19), (A 16'),and (A.15) ,)(/C

f _ !
/}P:/«fc-//,a-&’oy#ﬂﬂ /* [/a/%f//%/ Cos v

\/7/\/ (A.20)

already used particular solution Equation (A. 1) so that only the second
term is u new particular solution.

From Equation (A.1L)

<)
e A Bt 0051 (x.22)
and Equation (A.20)

fﬁ //’J/ [/4« Hae- /(mV‘ (A.22)
[/a#/
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satisfy the Laplace Differential equation.

L
/ represents the potential of a homogeneous field like the primary field

)

'7%’ represents the secondary potential outside.

From Equations (A.3) and (A.21)

s &) /P)
o " ////fwm W 0.

(A.23)
= /7’/‘ Yol 2 G 2+
from Bquations. (A 3) and(A.221)
/o)_
o —o;) ) | -
/7/ %%V-,4/A 6&:)2)‘/;7‘ /4//” /
- Cliet!

the choice of sign of /4 /4 /5) in the superposition of primary and
secondary potentials was made for reasons of physical consistency with
the concepts of magnetization.

In connection with the boundary conditions Equation ¢Alht)grthd.relatiens
Equation (A.10') are needed:

/"//5),{ = ?T'b/% = /C'-%//Zowﬂh’v Tc/,ot
(cl5),, = T dv = Vil v -l

Dy / ¥ [
@4“ fyf[,u-:‘-.r//?u f')’u /CMa /oau o"“

27
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% / /97/ / QX/
“’ (a.25")
g AVl s iy OV (}/5/4(~ v (e

/<) 0
_gﬁ__’() = /‘-//f},ci/u.mu

’b A//[ /L//‘ A ﬁ//a F A147 LA
2 ' ) Ry (L T 828
3w A [t Bt D]

%&(-/ (A.261)
? ,4 Lhu
f) == /(‘/54/42///’7‘ /é% g
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Substitution of Equation (A.25) to (A.26'), Equation (A.7) into
(A.L) and (A.L') ylelds:

, ”/z
H/‘-)a.({u)zf: /—//) OOV = Awmv[/ %H

/u,c/./'/{"}é.mz»~ ! '/Hof)é'ﬁodz/'—
16‘7/%)2—5&420’ ,c-/%)ia'o’u |

% g Y-/
"/4 f&MV/’%a/{_/ ff//

) ). ) Yy ! n
H/"’ PNy /C//q‘-w o (1)
£6) /»/ 4 g, 2!, 2
H7ks G 7 'EA—E & pf +b/
0O = %u,,/ /////‘)-f AW a,c ,c

/L//‘ A//’/ 3 A&‘ 3

Lol
wa—

;u”,_,) Aa X A‘as
5 (A.27)
E e i a
/- X/é‘é // 25: a7f';_,/‘ .26)
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A-10
from EqRation £4.27) and (A.28)

() /_///’)
o= . _
/ - /"(/;:é)// /%/ a//c+// (a.29)

7
[+ XN

y f/ 7
// a/ =/ ’—‘// (a.29")

from BquBtaon £A2A8) and (A.2L)

where

—
—

éfl 5/56 p"’/a-/
. = A *7/%4,4
AP 1 tas1r J o LELT mff/:

/~ X/ﬁ // a/ = _/

—

= ﬁo) '1/)
Sal

(A.30)

L P)
vhere y is the primary potential and }& the sscondary potential.
The outside secondary field along the z-axes involves

///f),/n /%/f/ (A.31)
r /’D/S lor V=0 for the z-component
/.() /;/
and 94 OA for the f ~component
For )z O which is zero because of $/#72%
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The outside secondary field along the f'-' axis involves:

) [5) /’2\ o) :
/7z =) = N (A.317)
I Ay <, r
[ v ier V= 2 for the z-component
) ) /7&27
and ,/7/ / A>V O for the /J ~component
-FZ A D’do(/
,7{or V= I which is zero because of (eILN»

Fig. A.2 illustrates the sitvation:

£
H(S) 4 y.
g7 T T

. -——,/7

H/Sl

I

Fig. A.2 - Fleld Distribution

From Equations (A.31), (A.30), (A.25) and (A.26'), (A.6), (A.7)

/%//92: 494/’1-42_;‘ /;/,( Lyt~ | ,//{;(
[4]/53’;(-/ / 2 %éﬁ,&m‘/ f/,a/

A" ///—) (el %
/g;}/vh/ /%75;7'3“"’

—
—

V/f)
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/,; ») [ %) /////—/ (A.32)
+ 52
= /A //& oy
similarly /s ) N L/ﬂp‘ /
HE /‘///)// Sy e/
~ /A A/ /7‘\}‘/,(/( 7 V/rf{,a -’//
]//v‘M/u /j// //+Mﬂ+//
= /’4%‘/ //_/_ Z/*/Jo/r /%4 ;_7@—21 r/
/+//7) L ]//+/f4)l “/ (A.327)

H

<

from Equation (A.32) and (A.28) -

p) he
/?‘ /_//,X o3

(A.33 and m1331)

o

- ) H//ﬂ) X

J

Yy Thelit )

— g

Z /+ /9(/

4 / z- //%/”f’
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e lar /'/%/%/vb/j

e -/
from Equation (A.32') and (A 28)
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Approximations for Equation (A.33) and (A.33'): can be introduced for:

/ Z/C ) = f >> / using the series expansion for the

natural log term with f </

3 y s
/éﬂﬁﬂ//“ V——— —“‘:,"/“ }'{‘*
2 3 5
Af1¥) ==L
//-r/___ 7_.
/%” % V=v/;
v— L
from Equation (A.33) S
_L.._'/__/_.,,/._____/___-l.._’_:
(75 F T Al O
l ' g :
2 /"E_,,[- 4 .__,__/_ = 2'3/ (A.33a)
f Jf T If

from Equation (A.33') similarly

f/c :?>>/ ) f-—#-;//-f_??

) / - / | K /
I S 5

(A.33b)
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from Equation (A.33a) and (A.33)

/?//>>/

H/‘) /7’/")[""‘/ HP26%
LN / 3/ X N) 1P

from Equation (A.33b) and (A.33')
(%] >/

/‘)’{ HPx ,c.a/ / éo} Za i
BT el 9% 3 XH) 1P
Equation (A.3h) and (A.34') exhibit the distance
dependency of a magnetic dipole field as shown

below in Fig. A.3. /L
p—7
M2 .-
M 7 < Ay
- —>Z
e
mo L TR,

Fig. A.3 - Dipole Geometry

4//7'//,, 1 e
E ] @nf . /72-‘*/ =o AQ”/,/.@ Sﬂ
2L

4[/7' /Uo V4 z
@m'/ = ”7 is the dipole

A-1l

(A.3L)

(A.34')

(A.35)

moment.

Ll (A.351)

/77 e o (A.3511)
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Fquation (4.35') for / 0 H
and (A. Bh\
/ N
YRR/ T e’ 4/ S S
T 3
Zr/“o/Z/ /+[x{/ 3 /27 3
Equation (A.35'!') fog/:z and (A.3L')
/ /F
H. _1/77/ = -—"= s ba} 3 , (Aa3en)
2/ 7 é/V/f/} JEXN /f’/
which yields by comparison:
é‘/, /)
/m/ /7
L,-f—w/\’/
Wt P (4.37)
(v}
Vo//
(in the technical rationalized system [% (]: g /F/ ﬂ‘(
Ey is the magnetic polarization or short the magnetization
in accordance with the familiar concept expressed by the B-H diagram
in Fig. A.L.
) A /(/ ,
= g HO N 5%/} (A.39)
S
B7
' )
5/°)://0 /‘//L'.‘,L /2//‘//.7 (A.38')
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Fig. A.L - B=H Diagram

one recognizes by comparison with Equation (4.23)

/~]/0() H/p HM UI/ (4.3811)

The total outside field in positions I (along the z-axis) is

0 )

" The total outside field in positions II (along the gz-axis is)

/5] 73 /1)
H_/T - /—'/3 /F/_/ (A.391)
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APPENDIX B - INSERTION OF A SECOND ELLIPSOID OF FERRITE INTO THE
COMPOSITE FIELD PRODUCED BY THE FIRST ELLIPSOID
(LONGITUDINAL ARRAY)

Fig. B.1l 1llustrates the situation.

1 2

> y &>

Fig. B.1 - Two Element Longitudinal Arra

(1 and 2 are of the same material and have the same dimensions)

The second ellipsoid has as its primary field now that described by Eua$lon
€Az39) and (A.33) or approximately (A.3L). This field is not homogeneous amymo
anymore. For materials with intrinsically large permeability homogenseous
magnetization can be assued however; so that the approach is psrmissible:

) H"
otz Ty ax N B.1)

The field inside 2 is thea analogous to Bquation (A.29)

bla
o, #P [ XE | g, 11 )/

—

S =y T e [%2)=1 27 ) # 1

and since//iga/$>,/the approach ..ig Equatpem (A.33a):is permissible:

H'/")_ /'/i//)), ’/ " _7_%2 _’2_._
oM T e 14X A" 3L4]° (8.2)
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B-2
[c
Thiso/ﬁé is associated with a magnetic polarization of 2 which
follows from Equation (A.38') as:
2
///3) X/L//L) XH Iéﬂa Z (B.21)
’ LW 314

This polarization produces a secondary field at the location of 1

analogous to Equmation (A.36) and (A.37).
/L7(¢Kke) = :g 451%2, . ;k//LZQIOb? " /kfé5§§; ' 2
4 S AL X N 1N 30413 (2

-—

which produces an additional internal field in 1

/%)
<), I
/L/;// Z

[+ XN

so the total new internal field in 1 is
| . - (B.L)
/L_//*)_ ///P)/; / Kb ]
/ [+ XN 3/%/’ /*U/ 1#+AN 3/,4//

producing there a

)
XH [ 2ba K [ Kb= /
) XN | J/xz/l 14K ”‘/W/ J//g/;!] (8.5)

(B.3)
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This corrected magnetization of 1 leads to a new secondary field from
1 at the location of 2; and,therefore, to a new total field at the

location of 2 which is analogous to Equation (A.39),

7o), 7 ba X
H e //4/’ XN //+

(B.6)
bé a / 260 X 2/
= /+N/ B3 1+ XN,
and, therefore, a new internal field in 2
/L')/ ‘ / /O)/’ - (B.6")

H 7 L
‘ XN

and so on in an iterative way which leads to finally

‘%A):_/L/if/i,/f/f)7 6.1
0

J+ XN op=

in a geometric progression

where fzjég, K
LSS AN

/ 2 2
E CH>a a:é]: . | )
/,,-n >e b a //;) /C /S </
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and, therefore, approximately

(P)
/’7//4.)”' H/A‘)ﬂ /‘7/2/ /
2 " /T / + ;t /4/n ‘/__ ‘?ZSEZZ. )f‘
3/4)3 1HXN (B8

the field inside the ferrite body 1 and 2 as the function of distance h
between centers.

and the final magnetization is

y
/‘;:/17:,44/0/(/7/;/3) /

[1+ XN )/ 5%
/ //F/7é/_?/7§7//

(B.9)

The validity of this approach is constraint by

Zé‘za,‘ Y
3LE)2 je kN

& 1
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APPENDIX C ~ INSERTION OF A THIRD ELLIPSOID IN BETWEEN TWO OTHER ,
ELLIPSOIDS g
Fig. C.1 illustrates the situations.
Z S 2
T — ¢_
Fig. C.1 - Three Element longitudinal Array
Fully analogous to App. B, Ferrite Kllipsoid 3 experiences an initial '
r}n{agnetization by the primary fjeld and the secondary fields of 1 and 2. §
ence
E
]
7 ) :
R I R AN
/+ XN 34 JEXN
where o/,p is given by the initial
7/ i
/D = /J = LA A /75/ 3
o’y o/p (c.1r) ;
[* AN
so that
72
-~ 2
P o X s / 26 q ¥ )
03 +/1//V "'/’*»2' 3"\\—/‘ (C.1rr) 3
L
/ ( E)° IrAN
This d g
S produces a new secondary field at the location of 1 and 2 :
and’therefore, a8 new polarization of 1 and 2: ;
1
L1 i




e

T T R

P

P:/or/'//,?/ﬁ/?L 2[‘%» /3 X 5 /J _
'/ /"‘XA/ 3/%/_4 0_;/-*),%-—/2._

7
= Mo Z/7/z? / 25@ X ' 24% .
JEXH /1‘3///3 /")»’J//;%ZJ/%/‘ /v‘bi//

This in turn produces a new polarization of 3:

(c.2)

)l
= /7;)2%/?/” i 3;20;"/?/:%/~
)
i ffxf:{g 7/7< 73/92/5i /f)m/ //+ )
< jj/iﬂ;t’ /+M/)]}
It we call _Zb”/ K =)/ (c.31)

318)3 14X N

one obtains the following scheme:

from Bquaddens (€.2) and (C.2')

V.
. A H,
//?: /j;[%/ /}7‘-2/[*‘)//7& 51/// (C.k)

L2

e

b e
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c-3

which in turn produces ’

273 /"‘/C/V j//z/5/3 /7‘/{’/1/ T2/ j

(c.5) i

= /Xﬁ/(oh//f //+Z{7‘2%7"472/37‘§(Z/7

*

which in turn produces a new j

LAl e > k| |

Py RV T ¥ ?

o (.6) ;

X o Hy” i

= /f//f/ /’+ZZ/¢/’Z/+W/,¢%/ 575

which in turn produ/cjs a new

_ X7 2k X _ ». |

377 /* XN +3/,g/3'275)'/+)(/1/~*’4 i ]

/ X/‘/M (c.7) X

- el B Lo 212U U5 SR

which in turn produces a new 3

/7) ;

P X1, 2a p _K 3

’ /+Z/V * 4 j//Z/J R /"/2'/1/ (c.8) |
Lo :{/H a -

- /+)<A/2 P OU 2SN G2 S PU U S
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e —




and so on, so that approximately the final magnetic polarization

of 3 becomes

(c.9)

jo,y///’//*”/}Z/%)// Xt 1200)

n=0,/,2 /7‘[/1/ [1-22*)

and the final magnetic polarization of 1 and 2 becomes:

- : A (c.10)
W B LR Y Y sl
~’) '

(XKL e, 1N (- 20%)
and resubstituting Bquatien (€.3t) amdhdro ‘ the index o< the
magnetization of the ellipsoid Nr 3 in the center is

- spg o Nr.o 4 in the center i3
25 a K

/D L%Z/‘/M )+L jM/" V%
J

[+XN ) 26X 2 .
< 3 L4} 1+X N @

and ,therefore, the magnetic field inside the center ellipsoid from Equation
(c 069‘ and (c 011) H

2.y N 4
) <
/7//4'?__: " | /"43/%/" /+XV
I JAXN /-2 2ba ) (G2
/+va1/

J
4/ o
3 trom Gy
%c.g:of::‘"b“ copY
Ll
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A

and the magnetic polarization of the ellipsoids Nr. 1 and 2 at the ends
is
oha X
poo o 2ha |
oop . L L Sy A
/2 /_/_/{/‘// /')éw A 2

314/ [+ XN (C.13)

and the magnetic field inside

_700. x
N ‘ /,7‘ lva/P /‘_ 2 _25 a /)
MRV TENET ¥ VACEN

Similarly, as_before, the wvalidity-of the.approximation is.cogstraint by

"2b% x
(:‘j/££©/3 /C*UXZVA/ﬂ <EE? .j(

LS

R IV

T O

0 A i, v e e !

[ T




is used in Table D.1 for ..

APPENDIX D « QUANTIFIOATION OF PARAMETERS
From Equation (A.29!)

W

is closely approximated by:

oo oo 20

7[ a/c“’]/rzé'/

and
< (2 2—3 S 4 =

/C'J

}

/ : 0 /5
= — = Jp L/B)2
E h;’/f)z z/a./

/%)

(D.1)

D-1
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Table D.1~ - Parameter Values

b/a V4 % /ﬂ?_g /%77_% o4 /V

1/3 0.06 33.3 3.5 i.5 0.0%0
1/5 0.02 100.0 L.6 2.6 0.052
1/8 0.0078 256.0 5.5h 3.54 0.0275
1/10 0.005 400.0 6.00 .00 0.0200
1/20 0.00125  1600.0 7.37 5.32 0.0067
1/50 2,107 10" 9.2 7.2 0.0014Y
1/100 5.10'5 !;.:Loll 10.58 8.58 14.29.10'1l
. 1/15 0.00221 900.0 6.80 4.8 0.0106

Since it is more convenient to work with effective permeabilities,the
results of App. A to C are presented in terms of an effective permeability
per ferrite ellipsoid as function of intrinsic permeability, geometric
dimensions,and location of the ellipsoid in an array.

From the relations 5 / 4‘) /_//e. /
= A

B/c'} .
and - '
s T TR /%,/:-/%,f
Follows from Equation (A.29)

et /:/(‘"”: AL
Y ¢ Ay 7 4

for a single ellipsoid
L7

L SRR LT ST
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and from .Equation (B.8)

/4K /
/Mef/-ft'/ —-/7"/(/([ /- 267 X (D.3)

JM/ 3 /17X VVper ellipsoid (i.e., element)

in a two element longitudinal array

Prom BqaAtied (C1Ih) and (C.12):

//{"//Nl v 7 b (D.1)
Mﬂ /+}C\/V
of the end element
“zéé, X
Sl rol, =25 [72 i ek
e yud - P 262
center j+ XN /- & //g/i /+X.A/)

of the center element

(D.4)

in a three element longitudinal array,

( h 4is the distance from center of one element to the other.)
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D=4

For large values cf the intrinsic permeability 44 ,., > // /e I>' /0

[+ X §é
the values of ———— are almost the same as of
/e KN J XN
so that plot 1 H one can be used also for
X /+ ¥
2 *

The term s is normalized with /% - % Zéb
34ty

where k is a multiple of the rod length 2a

28 [ SE)% /5)1 /
IZ'P?ZT’F?/ZT B 7 Codis(y 43

. 2
Typical Numerical Values of b/a and -(-;‘3-)- are given in Table D.2.

Table D.2 - Typical Numerical Values

b Gora)”

a 12 -
1/3 0.0093
1/5 0.003L

1/8 6.0013
1/10 0.002835
1/1% 0.00037

a. MNumerical Bxamples:

Consider ferrite with an intrinsic /u‘. rol = 200 at VLF

in form of a rod of length 2a = [¢ o / a/b =

and thickness 20 =2 2 e

o~

L9
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D-5
Then from plot 1 follows then
/1K . X -
= j& and —_—Ta .}0
/+ XN [+ XN
Thus, the relative effective permeability of a single rod is
/(/ =30
’//(fc[
The effective permeability per rod in a two rod array is given by
Equation (D.3) and using Table D.2 with:
. mewi 1T.7e Law.e Dol oW i
30 - B 0.00/3
Metbrer = 230 1+ £27230
O0,Cot3 ~ /<’ -
/= —5—=. 30
Vs

Resultant Mumerical values for #eff rel are given in Table D.3.

Table D.3 -Resultant Numerical Values
(2_Flements Longitudinal)

Distance between rod ends

k A etf rel 4 = 2a (k-1)
1.13 30 (1 + 0103) 2.08 cn
1.L8 30 (1 + 01015) 7.8 cm
1.93 30 (1 + 0.006) 14.9 cm

Hence,in words,Table B.3 expresses the fact y €8+, coupling between the
two longitudinally arranged rods amounts to only six per mil, 1i.e.,(0.006)
1 the ends of the rods are separated by 1L.9 cm, ebout = rod length.
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The effective relative permeability per rod in a three rod longitudinal
array is with Equatiom.(D.4) and (D.L')

cccrd
[+ TpE ¢
///6{}f?f rel = AC . ,
end / - 7._@0§U.jq)
< ,/\2*3"-
0.00/3
[+< —Zr— 0

/é(@/['”(: Jo-
Center /‘2'/0I€0/}:L}OJL

Resultant Numerical values are given in Table D.kL

Table D.Jj - Resultant Numerical Values
{3 Elements Longgtudinalz

End rod Center rod
eff rel eff rel
k zj /‘4 end //4 center
1.13 2.08 cm 30 (1 + 0.0318) 30 (1 + 0.0618)
1.48 7.8 cm 30 (1 + 0.015L5) 30 (1 + 0.03L5)
1.93 1L.9 cm 30 (1 + 0.006) 30 (1 + 0.012)

Hence, in words,Table D.L expresses the fact the mutual coupling between
the three rods increases the permeability of the center rod by 3.45% and

of the end rods by 1.5L5% if the distance between rod ends is 7.8 cm,i.e.,

about one half of the rod length.

(Since the inductance is proportional to the permeability, the percent
figures do indicate the mutual inductance relative to the self-inductance
of the windings placed on the rods.)
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b. Application of Numerical Results to Larger Arrays:

In view of the small coupling between rods one is justified in extending
the method to longitudinal arrays with several rods, but using only a

first order approach such. as represented by formula B.1l; i.e.,the term

=0 and n =1 in Bquatiaon (B.7) onlys Por-a sixrelement array:sucli-as shown in
Fig. D.1l,we can write then immediately:

+~ 4 ‘—.?Q“T 4—/& —
Zb:i..* avEn— oumwnna S— ; a—
1 V4 3 j' 27 7’

X [, X
//éte//,,{)/..../.*/;u{/ j+/+k./V‘ 2 ,&3 15 ZJ 5" ;—%//

éae//”,l.:" e /4 L./_éé,/,_/i st s /+-{//

xS e T L

Iy 4 v  (t4)°, 2 L
'éé/t//”//} :/414/ /f/ 7 /zjﬁé/% T +f€//

Fig. D.1 - Six Element Array

The terms in the curled bréafkets are:

1.000 2.000 2.000
0.125 0.125 0.250
©0.037 0.037 .07 _
0.0156 0.01%6 2.287
0,055 2.1776

1.1656
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t
% so that for the same rod material and dimensjons as before

0.0013

/“c/ﬁ,,[)z =30 / + J&-%—}— ,/f/m/j
[Hefle) 23041+ 30 0’£f’ip,/77¢/f
//’%4% _FJ0 //+ 50'—02;—’-3- /2 My}

which are evaluated in Table D.S.

Table D.5 - Rel. eff. Permeabilities
(3 Elements Longitudinal)

k A (Afaff rel) 1 or 1' (4feff rel) 2 or 2' (4eff rel 3
or 3'
: 1.48 7.8 cnm 30 (1 + 0.0176) 30 (1 + 0.0325) 30 (1 + 0.0343)
1.93 4.9 cm 30 (1 + 0.007) 30 (1 + 0.0130) 30 (1 + 0.0137)

53




APPRMDIX E - INSERTION OF A SECOND ELLIPSOID OF FERRITE INTO THE
COMPOSITE PRIMARY AND SECONDARY FIELD PRODUCED BY
THE FIRST ELLIPSOID -~ TRANSVERSE ARRAY

Fig. E.1 illustrates the situation.

/4///0)‘ _"'T‘ﬁZb
e ’

—_—— /
’8[ f‘-Za, —n
2

Fig. E.1 - Two Element Transverse Array

(1 and 2 are of the same material and have the same dimensions)

Analogous to Appendix B the second ellipsoid has as its primary field now
that described by Bquation (4.39') and (A.33') or approximately by (A.34').
This field is not homogensous anymore. For materials with intrinsically

large permeability homogeneous magnetization can be assumed, however, so that
the approach is permissible:

i (o)
H & ):: HI (E.2)

o< )+ XN

. /,o / A
Hc) x / /J*_Lj” Yy ) — 4
o2 1+ XN / /+[A/ [refr )t ° Vie kY- +1 /)

/
For the caseg» Q_the approximation Equatiom- (A.341 )~ can be used

which leads to

/47//4') f{/ﬂ - Xhe wa /

o7 =Xt (E.2)

sk WL 343
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B-2

71 is analogous to L1 except for the sign and the factor 2 of the y
secondary term. Hence,in full analogy to the development of Equations (B.1) p

to (B.7), one has now an

j: = bQ X E.2'
J//é’/3 (2 XN =2

in the expression for the final

. //)7
/C)~ '//} z E.3

. /
yielding for f > aQ approximately

/)

He 7

,%2/{): /—7/1/1-) (B.L) |

/+XN 1+ A

J/z 1P 1R o

and, therefore the final magnetization '

D 5 , X HLP /

/2 */:/D = L2 = (E.5)

) F XN /4 ba  x :;

LT 1+ XN

the validity of this approach is constrained by

i L 1o

/ij;y/<:/// / //g {€> ac é
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If the h' of Figure E.lssmaller than one half of the rod length a, then
the previous approach becomes invalid. The potential of a magnetic dipole
follows from Figure 3; and EquationA(£:35)

D . - = \E.é
G 7 Mo Ry M

Applying this formula to the secondary potential field of the first ferrite

rod by placing the fictious secondary charges at the focal points of the

equivalent ellipsoid yields: ﬂ’z: /’Z-‘ /c)if 1/- /r;‘: /?wc)j_‘f’ 2

Zy/‘)g_@:'. (g Rlee) g _2feer)
CEL b [ S flosg) 2 ffrea)ip ]

and the secondary field in the axial direction in a plane z = 0

() G L /

s = - —_Lf,’r/do ' /[z+f1) 32

Similarly as the comparison Eqmatfsh; (1869 aoida: ) dhe secvhd@d d1pole
DOMAcA4N BE* gxmrastevh Janderms of-we lumeraher sagnhatic. Tolart setiinl {mag-
pedlastdon) ylelding

47
2{@,:///7,,:%/';3: _}_452&'?
where the initial magnetization is that of the first rod by the
primary fleld: A
Mo X P

07/3: TN 4 (E.7'1)

go that the axial component of the secondary field of the first rod at
the later location of the second rod is with 5; - hﬂ /

(E.7)

(E.7")

-

)2 ‘
/) X X, /L/g//))

iz ~/+/3//(/ 3 /,c‘z—f—/’“’jj/"'

(E.?' ' c)
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and the initial total field into which the second rod is inserted is
A= y? / / X oY
y | — ' . (E.8)
roo [+ XN ()P

which produces a magnetization of the second rod, which in turn via its
secondary fleld changes the magnetization of the first rod and so on,
leading to a final magnetization

?: F = MQ{Z{O\Y” (E.9)
H=0

< /+FN

K ba X

-

J/:(Z,L%’y% '/+)(‘/[/ (E.9")

and a corresponding magnetic field inside the rods in the axial direction

. . )
4/4?: /L//ft) Hg _ /

/

—
ey -

o / /+,Y/]/ /+ bz({ | % (5.10)
3/ B 1N

The validity is constrained by _ O X ]
3.3 KN

Fquatian(3.10) becomes equal to Bquation.l) for ,[G)/C as expected.
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APPENDIX F - INSERTION OF A THIRD ELLIPSOID IN BETWEEN TWO OTHER
ELLIPSOIDS, I.E., EXTENSION TO A THREE ELEMENT
TRANSVERSE ARRAY

Fig. F.1 illustrates the situation; analogous to Appendix C the initial
magnetization of the center ellipsoid Nr. 3 is produced by the primary
field and the secondary flelds of 1 and 2. p

p) ——
£ ,@’ P
— >
1 .
— o> ———

Fig. F.1 - Three Element Transverse Array

In the case /, }» (. Wwith Equation (A.36') and analogous to (C.1)

Pe X [y 5 ba
ghorall 23/%//“77/

(F.1)

where OP is given initially by

/ //))
D?zo/?: /%XHZ’ (F.11)
fEXN

Following the development Bquatdofi.{Cafd €o.{Cif): and (C.10)._in.an:analogous
tibhion with

2
=_by _X_
}/ﬁ //3 /+r{../»/‘/ now instead of that of Bquation (C.3')

one obtains the result analogous to pgeation (C.11F to (Csil)-4f one-eeplaces
Ere the ? 2 .
NELL I by = 2% X
B3I 1N W 1e XN
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Thus,the magnetic field inside the center ellipsoid is for 4 5 a.

K
3/13'/’ [+ XN

/+XA /_2/_5:@ y = (F.2)
B 1tk N

)
and the magnetic field inside the outer ellipsoids for %,} o

/‘//d . ,L/z//°) /-<

3

P ba X

H, . s T
LN /b |

| f=</ 3477 /-»‘2’:/\/)

where as before the validity is constraint by ,% />> 12

-~

ta g
~, << 7
CIAYAN S .7
and fully amlogoua to Appendix E fcr rod separations ,g C one
has to replace by[( Klz /z'in E‘quat.m.(B.&).\am (Re3) giving
the magnetic fiald _mside the eenter :ablipseide wppNosppaceiNately
g
» b X
/ P [/~ 2 A
/42. 7z Sl 87 KN
3 /*/(VV / - 2/ bla
T 53173
AT /+A’/V
arnd the magnetic field inside the outer “lllpSOid
o

7l
/7//6 /——Q,c*,u;s/é /*‘,K/t/
/-//:/7/23 ' (F.5)

/f/(/v /__2/ T bq 7<

(F.3)

(F.L)

REVE AL '/+/(A//
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both in the axial direction and

where the validity is constraint by

b K
J/:Czobff/}/‘,' 1N

60

& ]

F-3

J
5
‘\‘
UM

a2

LRR——

A s e e vt o L s i st il il 8o i D Y i, el ol AR JNH b e dts il

e e T o L




G-1
APPENBIX G - QUANTIFICATION OF PARAMETERS

Similarly,as in Appendix D the quantification of parameters for transversal
arrays proceeds from the definition of the effective relative permeability
per rod. From Equatdon.(8.li) tow{E.10) follow the /ﬁ—{ Q: , ‘/Tecrthtiva

BETBASL V6 | pATRBELIYAtHNpar- roasra~irinsvérsaloferfite ¥odhatray-wewm:.tne
elements:

LMK /
/1/((’/’{(/ - /+K/V /-'L bza | x (a.1)
JhT? 1M

for a rod separation /{4, /> &
or with approximately

| LS4 /
/g//”/ [+ XN /- (6/n)% ' X (a.17)
T ol

for a rod separation h'

2b6<l can

(In the latter formila,the approximation <2 ol4%p¢ was used which 1s

pemie)asible for % >/ 3 i.e.,for all practical dimensions of ferrite
rods.

The relative effective permeability per rod in a three element tr al
array follows from Equatdofi.fFfdd bo+(Febi-fetored separatiwish j >a
with ,

Z X

ba X
rex (=2 51470 1+N

. —_ 2 2.
e /f,t’/V b . X ) (a.2)
((*'M{ /"26/’5,/} /+,(A/' ¢ the

array
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and with

. ba __X
Hioff e LK L ia TR

enel [ +EN /_2'/51‘3:. X 2
Iy p+kA

(a.2")

for a rod at the end of the array.

For rod serarations Zé) < % /( the respective relative effective
permeabilities are approximately from Equatidnf (¢.4) and (F.5):

7 x/%)* /
Y /X / A AN (0.3),
| e/;//‘m/—m ‘/-Z M'& / 2
Center /KA Jy'/ 7,_///;‘ ):/3/4

(%) /

. S T (i Y
‘;}Z{”[ [+hN /-2 /- X ba) / ]z (@.3')
| 1+XN 3 [14(40) ]

Similarly, as in Appendix D,the rod separation h'! will be used in normalised

o yoywy.

i.e.,h; is measured in multiples of the rod diameter. Introduction of this
normalization into Equation (a.1) to (@.3') gives:
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For the two element transversal array from Equation (G.1)

. P4 /
P// rel = .
~ [+ KN /s “fp  x

29 14N L&)

for values of

N

#'»> 1>/

from Equation (G.1')
/+ X /
/ff( =-°° ol
/0.{?/' /KN /A/Q)Z /
/+x./\/ 2 A
for values of }/—/+////ij/
/<4< &
<éb

and for the three element transversal array from BqdathdnG(G.2) and (G.3)

2y X i

g 2 D23 e /%’/5
conter TNV é/a/b X
2t jr XN /%/

/ 2/b ¥ L

Meff o = LTE _2¢ ‘/*/{/v(//%//j_~
erol /%KA// Z Q/é, Y . )2_

for s 2>y 29 rr K IR
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or from Equation (G.2') and (3.3') )C//%>/}‘l y
. R A T
etfre (. = '
cenler /"l/(‘/{/ /7( "/) / /2
//+/(¢{/ j//+////é)]’/

xl%) / :
//,P/,.l"‘,k / o4 j//'///)///gg/jé

e ol /+k/{/ /X/// / 7=
/fxv’3747’%%77?9/
foo /<A <%

A. Numerical Evaluation of the Bguations (G.1) and (G.1'):

Two rod transversal array:

Censider as before in Appendix D a practical value

wa X L /e : 30
(PEN rrp i
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the relative deviation from the singie rod effective relative permeability.
Table G.1 is obtained for the effective relative permeability
per rod in a two ~lement transversal array as a function of rod separation,
in multiples k' of rod diameters 2b.

Table G.1 - Effective Relative Permeabilities of Rods in an Array
(2 Element Transverse)

m
e B T TN T o, gy .

i 2 k' = 5%-" AL rel eff per rod A ¢

1 1 30 (1 - 0.142) -1

f 1.5 30 (1 - 0.13) -13
2.0 30 (1 - 0.112) -11
2.5 30 (1 - 0.0%6) -10
3.0 30 (1 - 0.08) -8
4.0 30 (1 - 0.056) - 5.6
[ 6.0 30 (1 - 0.0266) - 2.6
8.0 30 (1 - 0.01L) - 1.4
; 10.0 30 (1 - 0.008) - 0.8
‘ 20.0 30 (1 - 0.00125) - 0.125
: o0 30 O

b. MNumerical Evaluation of BquatiamsC(@.2hrthpiu@h3(G.3'):

Three rod transversal array:

Like in a. before,consider aé = f OC :/??

Because of the negligible influence of 2 ,A,l in the denominator of

the formulas, Table G.1 can be used readily for their evaluation, leading
to Table G.2 the permeability of center and endraediinaa hhweercdd-tress-
versal array as function of rod separation in multiplex of rod diameters.
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Table G.2 ~ Effective Relative Furmeabilities of Rods in an Array

(3 Element Transverse)

B Memms e
1 30 (1 - 0.14) 30 (1 - 0.28)
1.5 30 (1 - 0.13) 30 (1 - 0.26)
2.0 30 (1 -0.11) 30 (1 - 0.22)
2.5 30 (1 - 0.0%) 30 (1 -0.192)
3.0 30 (1 -~ 0.08) 30 (1 - 0.16)
L.0o 30 (1 - 0.056) 30 (1 - C.11)
6.0 30 (1 - 0.0266) 30 (1 - 0.052)
8.0 30 (1 - 0.01L) 30 (1 - 0.028)
10 30 (1 - 0.008) 30 (1 - 0.016)
20 30 (1 - 0.00125) 20 {1 - 0.0025)
o 30 30
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